In an attempt to characterize an unusual mycobacterial strain isolated from a 2-year-old Somali patient with lymphadenitis, we applied various molecular methods not previously used for the taxonomic classification of mycobacteria. This isolate, designated So93, did not differ from Mycobacteriurn tuberculosis in the biochemical tests and in its 16s rRNA sequence, but produced smooth and glossy colonies, which is highly exceptional for this species. This smooth phenotype was unstable and switched nonreversibly to a rough colony morphology with a low frequency. The two colony types were equally virulent for the guinea pig, exhibiting characteristic tuberculous disease. Both morphotypes had shorter generation times than the M. tuberculosis reference laboratory strain H37Rv and clinical isolates of M. tuberculosis and Mycobacterium bovis. Furthermore, the So93 isolate differed from all M. tuberculosis complex strains described thus far by having only a single copy of insertion sequence IS1081, an unusual composition of the direct repeat cluster, and a characteristic phenolic glycolipid and lipooligosaccharide. This glycolipid had previously been observed only in a smooth isolate of M. tuberculosis obtained in 1969 by Canetti in France. Analysis of the Canetti strain showed that it shared virtually all genetic properties characteristic of So93, distinguishing these two strains from the known M. tuberculosis complex taxa, M. tuberculosis, Mycobacterium afiicanurn, M. bovis, and Mycobacteriurn microti. The natural reservoir, host range, and mode of transmission of the group of bacteria described in this paper are presently unknown. This study, partly based on not previously used molecular criteria, supports the idea that the established members within the M. tuberculosis complex and the newly described Canetti grouping should be regarded as a single species, which likely will be designated "M. tuberculosis".
The Mycobactenum tuberculosis complex constitutes a genetically closely related group, and its members, M. tuberculosis, Mycobactenum afncanum, Mycobactenurn bovis, and Mycobacterium microti, may be considered as subspecies of M. tuberculosis (39, 47) . The close relatedness between M. tuberculosis complex bacteria has been established by DNA-DNA hybridization (>95%) (l), multiple-locus enzyme electrophoresis (15), and Sequencing of 16s ribosomal RNA and housekeeping genes (15). Furthermore, repetitive DNA elements, such as the insertion sequence IS6110 (43) and the direct repeat (DR) (18), have been found restricted to the M. tuberculosis complex, Nevertheless, the host range and pathogenicity of the M. tuberculosis complex species vary enormously. The natural reservoir of M. tuberculosis and M. afncanum is limited to humans (47) and that of M. microti is limited to voles (48) . In contrast, the host range of M. bovis is very broad, and this species causes disease among a wide range of wild and domestic mammals as well as in humans (38) .
Colonies of primary M. tuberculasis cultures almost invariably have a characteristic patterned texture, due to tight cording of the bacterial cells (32) , and this feature is often used to distinguish M. tuberculosis from other mycobacterial species. Differences in colony morphotypes of M. tuberculosis H37 and M. bovis vaccine strain BCG have been associated with varia-tion in virulence (10, 27, 28, 36, 49) . Similar to the method used by Calmette to attenuate M. bovis, resulting in the BCG vaccine strain (lo), H37 was attenuated by serial passage on potato bile medium. Both the attenuated M. bovis strain (M. bovis BCG) and the attenuated H37 strain (H37Ra) differed in colony morphology from the parental strains. Variation in colony morphology is more commonly observed among non-M. tuberculosis complex mycobacteria, such as Mycobactenum avium. The smooth, transparent morphotype of this species is associated with virulence, since most patientderived strains showing this morphotype in primary culture are more pathogenic than rough variants when tested in animal models (24, 34) . Colony morphology conversion of mycobacteria has been shown to be associated with changes in cell wall contents, such as glycolipids (3, 5), lipooligosaccharides (LOSS), and mycosides (12, 29) . However, the biochemical and genetic bases for the differences in colony morphology of M. tuberculosis complex strains are presently unknown. Daffe et al. (12) showed that the smooth Canetti M. tuberculosis strain differs from the commonly rough strains by the presence of large amounts of LOS. Furthermore, they speculated that smooth forms of M. tuberculosis may be attenuated by virtue of their ability to synthesize large amounts of phthioceranic acids instead of other phthienoic acids. Such smooth colony variants are usually not encountered among clinical M. tuberculosis isolates.
In 1993, we encountered an M. tuberculosis complex strain with a smooth and glossy colony morphology which had been obtained from a lymph node biopsy from the neck of a 2-yearold Somali patient who came to The Netherlands in 1993.
VOL. 47, 1997 N O V E L DNA typing of this strain with various repetitive DNA elements suggested that this strain was unusual and that it should be grouped differently from the previously described members of the M. tuberculosis complex group of bacteria. This study was undertaken to precisely classify this mycobacterial isolate and to compare it with the previously isolated Canetti M. tubercdosis strain, which also had a smooth morphotype. For this purpose, various molecular methods were applied, which have not previously been used to classify mycobacteria. Although these novel methods are likely more precise than the traditional, mainly numerical phenotypic methods (22) , our results are consistent with the previously held view (39,47) that all groupings within the M. tuberculosis complex, including the Somali isolate and the Canetti strain, should be regarded as subspecies belonging to a single bacterial species.
MATERIALS AND METHODS
Mycobacterial strains and phenotypic identification. All strains used in this study are listed in Table 1 . Strain so93 was obtained from A. de Jong, Regional Health Laboratory, Deventer, The Netherlands. The Canetti strain was kindly provided by B. Gicquel and V. Vincent (Institute Pasteur, Paris, France). Drug susceptibility tests were done according to the absolute concentration method (16). Biochemical identification of all strains was performed as described by LCvy-Frkbault and Portaels (23) . The Accuprobe test was performed with all isolates according to the recommendations of the manufacturer (GenProbe, Inc., San Diego, Calif.).
Electron microscopy. For scanning electron microscopy (SEM), smooth and rough colony variants of strain So93 on Lowenstein-Jensen plates were fixed with 4% (vol/vol) formaldehyde-1% (volhol) glutaraldehyde in 0.1 M sodium cacodylate-HCI (pH 7.4), washed twice in cacodylate buffer containing 0.1 M sucrose, postfixed with 1% (vol/vol) OsO, for 90 min, washed again, dehydrated in a graded series of acetone, and finally washed twice in 100% (vol/vol) acetone. The samples were critically dried, mounted on aluminum stubs, and gold sputtered in a sputter coater (Polaron E500). The specimens were examined in a Philips EM 501B SEM operated at 15 kV.
For transmission electron microscopy (TEM), cells were fixed in 1.25% (wt/ vol) glutaraldehyde-0.1 M sodium cacodylate-HC1 buffer (pH 7.2). Fixed cells were adsorbed to glow-discharged carbon-stabilized Formvar-coated grids coated with 0.1% (wt/vol) poly-L-lysine (molecular weight, 30,000 to 70,000), and negative stained with 0.5% (wt/vol) potassium phosphotungstate (pH 6.0) or 1% ammonium molybdate (pH 5.1). Thin sectioning and staining were done by the methodology described by Silva and Macedo (35) with some modifications. Ultrathin sections were contrasted with uranyl acetate and lead citrate or stained cytochemically to demonstrate periodate-reactive carbohydrates (37) . The specimens were examined in a Philips EM 400T TEM at an operating voltage of 60 kV.
TAXON OF M. TUBERCULOSIS COMPLEX, CANETTI 1237
Growth rate determination. Growth rates were measured by the bioluminescence method of Beckers et al. (2). Fresh cultures of So93, So93R, M. tuberculosis clinical isolates myc 18341 and myc 17764, and M. bdvis clinical isolates myc 17902 and myc 17731 were diluted in liquid Tween albumin (TA) medium and adjusted to a cell density of 200 relative light units per 100 bl of suspension in the bioluminescence assay. Flasks containing 50 ml of inoculated medium were incubated at 36.5"C under gentle agitation. One-milliliter samples were taken daily for a period of 12 days and frozen at -70°C. To measure the ATP content, cells were thawed at O"C, boiled for 5 min, and immediately put on ice. After exactly 5 min, 100 p1 of luciferine-luciferase-containing buffer (Lumac, Inc., Landgraaf, The Netherlands) was added to 100 p1 of the boiled cell suspension, whereafter the bioluminescence of duplicate samples was measured in a Lumacounter (Lumac, Inc.). Doubling times were calculated and compared with the SAS GLM module. Type I11 sum of squares was used for calculation of P values.
RFLP typing. Genomic DNA extraction and Southern blot hybridization of chromosomal DNA were performed as described previously (41, 43) . DNA probes based on the insertion sequences IS1081 and IS6110, the DR, the major polymorphic tandem repeat (MPTR), and the polymorphic GC-rich sequedce (PGRS) (18, 19, 31, (42) (43) (44) were labeled with the enhanced chemiluminescence gene detection system (Amersham International Plc, Amersham, Buckinghamshire, United Kingdom). All strains were subjected to IS1081 and IS6110 restriction fragment length polymorphism (RFLP) typing. DR, MPTR, and PGRS typing were only performed for So93, and the patterns were compared to those of clinical isolates previously described (18, 19, 43) .
Spoligotyping (20, 45) was used to determine the strain-specific presence of spacer DNA sequences of the highly polymorphic DR locus. Briefly, the bR cluster DNA of So93, So93R, and the Canetti strain was amplified by PCR, and the labeled PCR product was used as a probe to hybridize with 43 synthetic spacer oligonucleotides (DNA sequences derived from the DR regions of M.
tuberculosis H37Rv and M. bovis BCG P3) attached to a carrier membrane (20,
Typing by restriction fragment end labeling (RFEL) was performed by the method of Van Steenbergen et al. (46) and adapted as described by Hermans et al. (17) . Briefly, the purified mycobacterial DNA was digested by the restriction enzyme EcoRI. Restriction fragments with a molecular size from 50 to 500 bp were purified from a 2% (wt/vol) agarose gel by Qiaquick column purification (Qiagen, Chatsworth, Calif.) and labeled at 72°C with [ ( W -~~P I~A T P with Tuq DNA polymerase. The radiolabeled fragments were denatured and separated electrophoretically on a 6% (wt/vol) polyacrylamide sequencing gel containing 8 M urea. Subsequently, the gel was transferred onto filter paper, vacuum dried (Bio-Rad Laboratories, Inc,, Veenendaal, The Netherlands), and exposed for various lengths of time at -70°C to X-ray film. DNA restriction fragments ranging from 160 to 400 bp were used for RFEL analysis.
Computer-assisted analysis of DNA fingerprints. Fingerprints obtained by pulsed-field gel electrophoresis, RFEL, and IS6110 hybridization in Southern blotting were analyzed with the Windows version of the Gelcompar software, version 3.10 (Applied Maths, Kortrijk, Belgium), after imaging of the autoradiograms with a scanner at 190 dpi (HP Scanjet IIcfl; Hewlett-Packard, Camas, Wash.). Comparison of IS6110 fingerprints was performed as described previously (45) . The pulsed-field gel electrophoresis and RFEL fingerprints were normalized with M. tuberculosis-specific bands present in the fingerprints of all strains. Comparison of the fingerprints was performed by using the Dice similarity coefficient applied to peaks and the unweighted pair group mean arithmetic clustering method (30) . Characterization of housekeeping genes. Single-strand conformatioh polymorphism analysis of housekeeping genes of So93, M. tuberculosis H37Rv, and M. bovis BCG vaccine strain P3 was performed as described by Orita et al. (26) .
Analysis of the cell wall glycoIipids. Apolar and polar lipids were extracted from freeze-dried harvests of so93 and So93R with a biphasic mixture of aqueous methanol and petroleum ether (bp 60 to 80°C) to yield apolar lipids in the upper organic layer (7). The remaining cells and aqueous methanol phase were then treated according to established lipid extraction procedures with monopKasic CHCl,-CH,0H-H20, the extracts being diluted with additional CHCl, and H,O to give a biphasic mixture with polar lipids in the lower organic layer (7).
Two-dimensional thin-layer chromatography (TLC) of the apolar lipids was conducted in chloroform-methanol (96:4) in the first direction and tolueneacetone (80:20) in the second direction. The polar lipids were resolved by onedimensional TLC in chloroform-methanol-water (65:25:4). 1411 glycolipids were visualized on plates by being sprayed with 10% H2S04 in ethanol and then heated at 110°C for 5 min (7). To establish the sugar composition of the apolar and polar glycolipids, samples were hydrolyzed in 2 M trifluoroacetic acid at 120°C for 1 h. Glycosyl residues were reduced with NaB,H,, and the resultant 45).
INT. J. SYST. BACTERIOL. alditols were 0 acetylated and resolved and identified by gas chromatography (GC) and GC-mass spectrometry (7).
Two-dimensional SDS-PAGE of whole-cell protein.
Mycobacterial cells of strains So93, So93R, H37Rv, and myc 94-2165 were grown in TA medium to a McFarland density of 2.0 (about 6 X 108/ml). Cultures of 50 ml were heat killed for 10 min at SOT, and the cells were washed three times with 50 ml of phosphate-buffered saline, suspended in 5 ml of distilled water, and sonicated for 10 min at 0°C (Branson-250 sonifier; Branson Ultrasonics, Danbury, Conn.). Aliquots of 15 to 20 pg of protein were freeze dried and resuspended in 50 pl of lysis solution (9 M urea, 130 mM dithiothreitol [DTT], 2% Pharmalyte 3-10 [Pharmacia, Roozendaal, The Netherlands], 2% Triton X-100, 8 mM phenylmethylsulfonyl fluoride). The samples were kept overnight at 4°C. Thereafter, 350 pl of rehydration solution (8 M urea, 0.5% Pharmalyte, 0.5% Triton X-100, 12 mM DTT) was added. Isoelectric focusing was performed with Immobiline dry strips of pH range 4 to 7 (Pharmacia). For this purpose, the strips were rehydrated with rehydration solution containing the sample mix for 3 to 4 h. Isoelectric focusing was performed for 3 h at 300 V, followed by overnight focusing at 2,200 V. The strips were then equilibrated with 1% sodium dodecyl sulfate (SDS) for 10 min. Excess DTT was removed with iodoacetamide according to the recommendations of the manufacturer (Pharmacia). Thereafter, the strips were mounted onto SDS-12 to 20% polyacrylamide gradient gels containing 3% bisacrylamide. After SDS-polyacrylamide gel electrophoresis (PAGE), the gels were silver stained according to the method of Blum et al. (8) . Computer-assisted analysis of the protein profiles was performed with the PDI twodimensional analysis system (PDI, Roozendaal, The Netherlands). Similarities between the protein profiles were calculated with the Jaccard coefficient.
Guinea pig experiments. Virulence was tested by the method of Mitchison (25) , adapted to National Institute of Public Health and the Environment (RIVM), Bilthoven, The Netherlands, procedures used for diagnostic purposes. Six female Hsd/Cpb Duncan Hartley guinea pigs, weighing about 250 g each, were inoculated subcutaneously and intramuscularly at the medial side of the left upper hind leg with 1 ml of a mycobacterial suspension in saline, containing approximately lo3 or lo5 bacilli of H37Rv, So93, or So93R. The inoculation dose was determined by bioluminescence. Necropsy was performed after 8 weeks, and the results were quantified according to the Mitchison scoring system (25) .
For histology, tissues were fixed in 3.8% formaldehyde, embedded in Paraplast, and sectioned at 5 pm. All sections were stained with hematoxylin-eosin and by the Ziehl-Neelsen method. Selected organs were stained with auraminerhodamine and examined with a confocal laser-scanning microscope (Bio-Rad MRC-1000) using the 568-nm line of an argon-krypton laser to excite labeled bacteria. Emitted light was recorded in the detection channel for red (>580 nm).
Bacteria in organs were quantified by crushing tissue in a vessel with sea sand (Merck, Darmstadt, Germany), inoculating the diluted suspension on 7H10 agar plates, and counting the number of colonies after 4 weeks of incubation.
RESULTS
Phenotypic characterization. Strain So93 showed abundant growth on Lowenstein-Jensen (W) medium tubes with a smooth, white, and glossy colony morphology within 6 days. Although this colony morphology and rapid growth are noncharacteristic of M. tuberculosis complex isolates, the 16s rRNA Genprobe test for the M. tuberculosis complex was positive. Furthermore, So93 was positive for niacin production, nitratase, phosphatase, and pyrazinamidase activities and was negative for the Tween hydrolysis test. Growth of the strain was not inhibited by thiophen, nor stimulated by pyruvate on LJ medium. The isolate was susceptible to isoniazid, rifampin, ethambutol, cycloserine, ethionamide, thiacetazone, amikacin, ciprofloxacin, and rifabutin; resistant to streptomycin and clarithromycin; and moderately susceptible to p-aminosalicylic acid (2 pg/ml). All of these characteristics, except the moderate susceptibility to p-aminosalicylic acid, are specific for M. tuberculosis.
The generation time of So93 during exponential growth in liquid TA medium (days 4 to 9) was determined in three independent experiments and found to be 17 h, whereas values of 25.2, 21.4, 40.4, and 39.8 h were calculated for two clinical isolates of M. tuberculosis and two isolates of M. bovis, respectively (Fig. 1) . This doubling time of the So93 isolate in TA medium is significantly shorter (P < 0.0001) than those found among the other M. tuberculosis complex isolates.
Colony morphology and microscopic variation. The So93 isolate showed a smooth, white, and glossy colony morphology on solid medium. When single colonies were replated, rough colony variants of So93 were observed with a frequency of about 1 out of 500 colonies ( Fig. 2A) . Single colonies of both variants were repeatedly plated on LJ medium and 7H10 plates. The progeny derived from smooth colonies produced mainly smooth colonies, whereas rough colony variants were reproducibly observed with a frequency of 1500 to 1:1,000. No reversion from rough to smooth colonies was observed (frequency of <1:10,000). A rough So93 colony variant was selected for further analysis and was designated So93R. The generation time of So93R in TA medium was 18.0 h, which does not differ significantly from that of So93 (17.0 h).
In general, rough colonies were larger than smooth ones. By SEM, the difference in surface texture between the two variants was clearly visible at low magnification. Smooth colonies varied from small, singular, flat, cone-shaped to larger compound colonies with a smooth surface, whereas rough colonies showed a tubular surface (data not shown). At higher magnification, individual So93 cells of the smooth variant were arranged chaotically, whereas cells of the rough variant were oriented in compact parallel arrangements. This characteristic difference in cellular orientation was also found by SEM analysis of cross sections of colonies (data not shown). Negativestained TEM preparations showed that the cells of the rough variant were usually present as large cord-like aggregates, whereas So93 bacteria were aggregated in small lumps.
Ultrathin sections revealed no differences in ultrastructure between the two variants and the control strain, H37Rv (data not shown). Characterization of housekeeping genes. The sequence of the 5' 550 bp of the 16s rRNA gene of strain So93 was determined, and it was identical to published 16s rRNA gene sequences of M. tuberculosis strains. On the basis of single-strand conformation polymorphism analysis (26), So93 did not differ in the sequence of the housekeeping genes TUB, katG, p L , and gyrA of So93 from either H37Rv or M. bovis BCG (data not shown).
Genetic characterization by polymorphic genetic markers. IS6110 probing showed the presence of two IS6110 copies in the genome of both So93 variants (Fig. 3A) . The IS6110 fingerprint of So93 was compared with over 5,000 fingerprints in the database in our laboratory, which contains fingerprints of approximately 3,500 M. tuberculosis complex strains isolated in The Netherlands during the last 3 years (40) and 1,500 isolates from over 30 different countries. None of these isolates matched the fingerprint of So%, indicating that this M. tuberculosis strain had not been previously encountered among the clinical isolates during the last 4 years in The Netherlands and that this type of strain is also uncommon in many other countries.
Previously, it was shown that the insertion element IS1081 is invariantly present in M. tuberculosis complex bacteria and that the number of IS1081 copies varies from four to seven (44) . However, strain So93 and its rough variant, So93R, were found to carry only a single copy of IS1081, which in both strains was on a similar-size PvuII fragment (Fig. 3B) . In Bilthoven (RIVM), over 2,000 clinical M. tuberculosis complex strains have been analyzed so far, and none of these strains carried less than four copies of this insertion element (9). Therefore, the finding of a single IS1081 copy in So93 is highly exceptional.
A novel method of strain differentiation, spoligotyping, was recently developed (20, 45) . With this method, the presence of 43 short spacer DNA sequences in the polymorphic DR locus of M. tuberculosis complex bacteria was investigated. Both So93 and So93R were found to share only two of the 43 spacer DNA sequences derived from the DR locus sequence of M. tuberculosis H37Rv and M. bovis BCG vaccine strain P3 (Fig.  4) . The presence of only two known spacer sequences in the DR locus is highly exceptional and has previously been encountered only among four isolates of M. microti; however, these spacers were distinct from the ones of So93 The spoligotype of So93 was not observed previously among approxi-INT. J. SYST. BACTERIOL. Other polymorphic repetitive elements in M. tuberculosis complex bacteria are the PGRS (31) and the MPTR (19). Southern blotting showed the presence of multiple copies of PGRS, and MPTR DNA sequences also appeared to be present in so%. Furthermore, the RFLP patterns of the So93 variants were invariably most distantly related compared to other M. tuberculosis complex isolates tested (data not shown). No differences between So93 and other M. tuberculosis complex strains were observed in Southern blot analysis when the housekeeping genes katG, 16s rRNA, and groEL were used as probes.
In the past, the exceptional cell wall content of a M. tuberculosis isolate growing in smooth colonies and isolated by Canetti in France was studied extensively (13). Therefore, we tested the Canetti strain with all of the markers described above. Surprisingly, this strain was found to be highly similar to So93 by all of these polymorphic genetic markers, except for the IS1081 and IS6110 fingerprints. Like So93, the Canetti strain carried a single copy of IS1081. However, the apparent size of the IS1081-containing PvuII fragment of the Canetti strain was 4.4 kb, instead of 2.8 kb in the case of So%. Sequence analysis of the chromosomal region bordering IS1081 in So93 and the Canetti strain showed that IS1081 is inserted at exactly the same chromosomal position in both strains. The difference in the size of the IS1081-containing PvuII restriction fragments was shown to be due to modification of a PvuII site in the Canetti strain, as described previously for other PvuII sites (40) . Because this modified PvuII restriction site is not cleaved in the Canetti strain, the IS1081-containing PvuII fragment is larger than that of SOW.
The Canetti strain was found to carry three IS6110 copies, and two of the insertion sequence-containing PvuII fragments two spacers as So93 and So93R, indicating the same DR region composition.
Van Steenbergen et al. recently used a high-resolution RFLP technique for bacterial strain typing, RFEL (46) . This technique was applied to compare So93 with 10 other M. tuberculosis complex isolates, including all (sub)species of this group of bacteria (Fig. 5) . The RFEL technique allowed us to distinguish 51 restriction fragments in the molecular size range from 160 to 400 bp. So93 shared 45 of these with the other M. tuberculosis isolates. The other isolates shared at least 48 of the 51 fragments (Fig. 5) . These results indicate that So93 is ge- IIIII IIIII IIIIIII I 1 1111 11111i 111l l Ill1  II  IIIIIIIII IIIII iiii IIIIIII II IIII IIIIII IIII I I  IIIllIIlI 1111I lllll 11l 111I II Ill1 IIIIIII 1111 Ill  /I  lllllllll lllll III IIIIIII I 1 Il l 1 IllllI IIII I  U  II  IIIII II I I IIII I netically the most divergent of the M. tuberculosis complex bacteria investigated.
Variations in the recA gene. One of the IS1081 elements is located in the vicinity of the recA gene in the genome of M. tuberculosis complex strains (11). Because this IS1081 copy is missing in So%, the presence of the r e d gene in So93 was examined with a PCR with primers based on the r e d gene sequence of H37Rv. In restriction endonuclease analyses of the similar-size PCR product, it became clear that the recA gene of So93 differs from that of other M. tuberculosis strains. Therefore, the sequences of the entire r e d gene of the So93 isolate and of the Canetti strain were determined (EMBL accession no. AJOOOOll and AJ000012, respectively). The sequence was found to differ in 18 nucleotides from the published sequence of H37Rv (Fig. 6) . Fourteen of these substitutions were in the intein region of the recA gene, and 4 resided in the 5'extein part. The mutations in the intein region resulted in six amino acid substitutions, whereas the rest of the mutations were synonymous. The highest degree of variation was M. tuberculosis M. kansasii found in the 91-bp stretch from positions 1594 to 1625 of the intein of r e d . Comparison of the r e d gene region of the Canetti strain with the equivalents in So93 and H37Rv revealed that all mutations observed in So93 were also present in the Canetti M. tuberculosis strain. In addition, two mutations were found at positions 16 and 1165. The first mutation was found upstream from the recA gene in a noncoding area. The second mutation appeared to be a synonymous mutation in the intein region of r e d . The recA sequence was also determined in three M. bovis strains and one M. microti isolate. These were identical to r e c . of H37Rv. Thus, the deviations in the r e d gene in So93 and the Canetti strain seem to be restricted to this particular genotype of the M. tuberculosis complex (data not shown).
Two dimensional SDS-PAGE whole-protein analysis. In order to compare the protein expressions of So93 and So93R with those of other M. tuberculosis complex strains, wholeprotein extracts of these strains were analyzed by two-dimensional SDS-PAGE (data not shown). The polypeptide patterns were compared with those of H37Rv and M. tuberculosis clinical isolate myc 94-2165. Computer-assisted analysis of the protein profiles identified a total of 686 distinct protein moieties, 78% of which were shared by all four strains. The similarity coefficients between the different protein profiles are summarized in Table 2 . So93 shared 86 and 84% of its protein spots with H37Rv and the clinical M. tuberculosis isolate, respectively, whereas the latter two strains shared 90% of the spots. This suggests that strain So93 is more distantly related to H37Rv and the clinical M. tuberculosis isolate than the latter two strains are related mutually. The rough variant So93R differed from its parental strain in 20 protein spots (3%).
Cell wall glycolipid composition. The apolar and polar lipid populations were separately extracted from the So93 and So93R strains and compared to each other, initially by TLC. Two-dimensional TLC of the apolar lipids, first in chloroformmethanol (96:4) and then in toluene-acetone (80:20), showed no obvious difference. Both glycolipid profiles were dominated by the presence of the triglycosyl-containing phenolic glycolipid characteristic of the Canetti strain (13). However, TLC in chloroform-methanol-water (65:25:4) of the polar lipids from the smooth So93 strain showed the presence only of the multiglycosyl LOSs, also characteristic of the Canetti strain (12); these were absent from So93R. To provide unequivocal evidence of this dramatic qualitative difference between So93 and So93R and to generate further evidence of structure, the apolar and polar lipid populations from both strains were hydrolyzed, and alditol acetates were generated and analyzed by GC and GC-mass spectrometry ( Table 2 ). The structure of the triglycosyl unit of the unique phenolic glycolipid of the Canetti strain was 2,3,4-tri-0-rnethyl-~-fucopyranosyl-(I13)-~-rhamno pyranosyl-(I 13) -2-O-methyl-~-rhamnopyranosyl-(I) ( 12). GC demonstrated the presence of these three sugars in the apolar glycolipid (Table 2) . However, examination of the polar lipid fractions demonstrated the presence of the sugars characteristic of the major LOSs of the Canetti strain (2-O-methyl-I-~-fucopyranose, 2-0-methyl-rharnnopyrano~e~ and 4-0-methyl-I-L-rhamnopyranose) only in the case of the smooth So93 strain (Table 3) . The identities of all of these 6-deoxyhexoses were confirmed by mass spectrometry as described previously (12) .
Virulence of the strains So93, So93R, and H37Rv. Guinea pigs were inoculated with cultures of So93, So93R, and H37Rv (two animals for each strain). None of the animals showed signs of clinical disease when autopsied 8 weeks after inoculation. Overwhelming disseminated tuberculous lesions were found at necropsy only in the guinea pigs inoculated with So93 and So93R. In addition, these animals showed severe loss of body fat deposits. In the two H37Rv-inoculated animals, macroscopic lesions were confined to the inoculation site and/or draining lymph nodes, and no decrease of fat deposits was observed. Microscopic and/or bacteriologic examination showed infection of livers, spleens, and lungs of all six animals (Table  4) . A remarkable gross finding in all six animals was severe enlargement of the left iliac nodes in H37Rv-inoculated animals without obvious enlargement of inguinal node groups. In the So93R-inoculated guinea pigs, involvement of spleen, lungs, iliac, and bronchial nodes (data not shown) was more extensive than in the animals infected with the parental strain So%. The average root index of virulence (25) , as calculated from the macroscopic lesions, amounted to 0.77 for So93, 1.03 for So93R, and 0.27 for H37Rv, the lower and upper limits being 0 and 1.34, respectively, for 8 weeks of survival. This suggests that the Somali strain, So%, and its rough derivative, So93R, are more virulent than H37Rv in the guinea pig and that So93R is slightly more virulent than So%. Microscopically, the tuberculous epithelioid granulomas in all six animals were essentially the same (data not shown). Caseous necrosis with calcification was restricted to the primary complex and other severely tuberculous organs. Mycobacteria were easily observed after auramine-rhodamine staining (data not shown), whereas in serial tissue sections, a few bacilli were found only by the Ziehl-Neelsen staining method. The numbers of CFU cultured from tissue specimens of the guinea pigs did not differ significantly among animals infected with the different strains. All colonies grown from different tissues from guinea pigs infected with So93R were rough. In contrast, 10 to 30% of the colonies grown from the spleens and lymph nodes from the So93-infected guinea pigs were rough (Fig. 2B) . No such variation was observed among colonies grown from liver tissue of So93-infected guinea pigs.
DISCUSSION
In this study, we used novel genetic markers which have not been used earlier to classify different species of the M. tuberculosis complex. Although this study was mainly focused on the characterization and classification of the two mycobacterial isolates with an unusual smooth colony morphology, the data for both the M. tuberculosis complex group of bacteria and various non-M. tuberculosis complex species allow us to draw more general conclusions about the taxonomic classification of the M. tuberculosis complex bacteria. DNA sequence analyses of the 16s rRNA, poB, katG, psL, and gyrA genes reveal a very strong identity among bacteria of the M. tuberculosis complex, including the strains So93 and Canetti. Furthermore, the results obtained by RFEL and two-dimensional whole-cell protein electrophoresis also showed a high degree of similarity among isolates of the complex and a distinction from non-M. tuberculosis complex bacteria, such as M. avizirn and Mycobac- terium kansasii. Finally, we showed, that in contrast to other mycobacterial species, all groupings belonging to the M. tuberculosis complex (including So93 and the Canetti strain) share the presence of the repetitive DNA elements such as IS6110 and DR. Based on these data, M. tuberculosis, M. bovis, M. afrcanum, SOW, and the Canetti strain seem to constitute a very closely related grouping of mycobacteria, clearly distinct from other mycobacterial species. This idea is consistent with the view that all groupings belonging to the M. tuberculosis complex should be regarded as a single bacterial species (39, 47) and that the previously established species M. tuberculosis, M. bovis, M. aficanum, and M. microti are subspecies of this single species, which likely will be designated "M. tuberculosis."
In due time, we will propose a revision of the nomenclature of the taxa within the M. tuberculosis complex group of bacteria. Smooth strains of M. tuberculosis show up rarely in diagnostic laboratories, and such strains usually are not studied further. Strain So93 attracted our attention because of its extremely smooth and glossy appearance, while its other phenotypic properties corresponded with those of M. tuberculosis complex bacteria. At the mycobacterial reference laboratory in Bilthoven, this was the first M. tuberculosis strain encountered among over 10,000 isolates investigated in the past 10 years with this distinct morphotype. To our knowledge, the only other similarly smooth M. tuberculosis isolate described is the Canetti strain, isolated in France from a native Frenchman in 1969 and used in extensive studies in search of antigens for immunodiagnostic tests (12).
Although So93 clearly belongs to the M. tuberculosis complex, the strain is distinct from other (sub)species in this group of taxonomically closely related bacteria. First, So93 is highly exceptional in harboring only a single copy of the insertion sequence IS1 081. All of the nearly 2,000 M. tuberculosis complex isolates examined in Bilthoven (RIVM), including about 100 M. bovis and 10 M. microti strains, carried at least four IS1081 copies, usually located at the same PvuII restriction fragments (43) . Genomic mapping of strain H37Rv has shown that each of the IS1081 copies is located at widely different loci of the M. tuberculosis chromosome (11). This means that the absence of all but one of the IS1081 copies in So93 cannot be attributed to a single genomic deletion. This is consistent with preliminary observations suggesting that the loci in M. tuberculosis strain H37Rv where IS1081 elements are usually integrated lack any sequence similarity over stretches of more than 10 kb (9).
Second, So93 was found to have a DR locus which is unique within the M. tuberculosis complex. So far, the DR locus has been found only in M. tuberculosis complex bacteria, and it is highly polymorphic because of variation in the number of short DRs and nonrepetitive spacer sequences. So93 was found to carry only two of the currently characterized spacers which are used in spoligotyping. Virtually all of the approximately 2,000 other M. tuberculosis complex strains examined so far share at least 8 of their spacer sequences with any of the set of 43 spacer sequences which have been derived from M. tuberculosis H37Rv and M. bovis BCG (20). Most M. microti strains share as few as two spacers with those of H37Rv and M. bovis BCG; however, the M. microti spacers differ from those found in So93 (9). It is unlikely that the polymorphism in the DR locus of strain So93 resulted from a few mutations within the DR region of any of the known M. tuberculosis strains, because the DR locus of strain So93 contains over 40 spacers (9), most of which are different from those of H37Rv and M. bovis BCG (9). This reinforces the idea that So93 is a distantly related member within the M. tuberculosis complex. It should be noted that large DNA fingerprint databases, such as those of IS6110, IS1081, and the spoligotypes, appear to be extremely useful in mycobacterial systematics. Strain So93 was displayed as an unusual type in these three databases, and this greatly stimulated interest in this strain.
Third, the recA gene of So93 was found to differ significantly from those of other M. tuberculosis complex strains. So93 and the Canetti strain differed in 18 and 20 residues in the 2.7-kb r e d sequence, respectively; most of these were synonymous mutations in a restricted area of the recA intein. No DNA sequence variation was found among strains of M. tuberculosis, M. bovis, and M. microti. This high degree of variation in recA of strain So93 and Canetti is highly exceptional. Musser et al. (21) found only four synonymous nucleotide substitutions among 240,000 bases in eight housekeeping genes among 30 M. tuberculosis isolates obtained from widely different geographic origins. Because the Canetti strain was found to be nearly identical to So93 with respect to its distinct genetic properties, we propose to designate the two strains as a new (sub)species, "Mycobacterium tuberculosis subsp. Canetti," or "M. canetti."
As previously observed for the Canetti strain, strain So93 grew with smooth colonies. So93 switched to variants with a rough colony morphology. Reversion was not observed, even after passage in the guinea pig. The preliminary data show that transition frequency from smooth to rough was higher in vivo than in vitro, suggesting that the rough variant is better adapted to in vivo conditions. Both colony variants were about equally virulent in the guinea pig model.
The transition from smooth to rough was associated with disappearance of the LOS component. The morphotypes also differed in the expression of approximately 20 polypeptides as measured by two-dimensional SDS-PAGE. This indicates that the colony variation probably results from an alteration in the expression of a large number of genes.
Analysis of the glycolipids of So93 and So93R showed the presence of triglycosyl phenol phthiocerol glycolipid (phenolic glycolipid) with the triglycosyl unit No genetic rearrangement associated with colony variation was observed by Southern blot analyses with various probes. Therefore, the genetic mechanism underlying the phase variation remains unknown. Variation in colony morphology is more common among non-M. tuberculosis complex mycobacteria. In M. aviurn, the transition from smooth to rough colonies was found to be associated with the loss of a group of glycolipids known as the glycopeptidolipids due to chromosomal deletions (4). Perhaps of more direct relevance to the present So93 versus So93R switch is the example of M. kansasii. All known isolates of M. kansasii, whether of rough or smooth phenotype, contain an M. kansusii-specific phenolic glycolipid (3). However, only the smooth varieties contain the M. kansasii version of the LOSS. The genetic basis of this switch has not been examined.
Presently, So93 and the Canetti strain are the only known isolates of the Canetti type, and therefore the incidence of the Canetti type in human tuberculosis patients is probably low, although the incidence may have been underestimated because of misdiagnosis due to the unusual colony morphology. Strain So93 was isolated in 1993 from a Somali child, who probably contracted the infection in Somalia or in a refugee camp in Kenya, where the child resided before coming to The Netherlands. The reservoir of M. tuberculosis subsp. Canetti is presently unknown. Perhaps animals constitute the natural host, which may explain the sporadic occurrence among humans. The detailed genetic characterization of the Canetti type of M. tuberculosis in this study enables us to easily recognize this subspecies by a variety of techniques, including PCR-based methods. This will facilitate future studies of the occurrence and host range of this novel (sub)group of the M. tuberculosis complex.
